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Abstract. Observations of metal-poor stars indicate that at least two different
nucleosynthesis sites contribute to the production of r-process elements. One site is
responsible for the production of light r-process elements Z . 50 while the other
produces the heavy r-process elements. We have analyzed recent observations of
metal-poor stars selecting only stars that are enriched in light r-process elements and
poor in heavy r-process elements. We find a strong correlation between the observed
abundances of the N = 50 elements (Sr, Y and Zr) and Fe. It suggest that neutrino-
driven winds from core-collapse supernova are the main site for the production of
these elements. We explore this possibility by performing nucleosynthesis calculations
based on long term Boltzmann neutrino transport simulations. They are based on
an Equation of State that reproduces recent constrains on the nuclear symmetry
energy. We predict that the early ejecta is neutron-rich with Ye ∼ 0.48, it becomes
proton rich around 4 s and reaches Ye = 0.586 at 9 s when our simulation stops.
The nucleosynthesis in this model produces elements between Zn and Mo, including
92Mo. The elemental abundances are consistent with the observations of the metal-
poor star HD 12263. For the elements between Ge and Mo, we produce mainly the
neutron-deficient isotopes. This prediction can be confirmed by observations of isotopic
abundances in metal-poor stars. No elements heavier than Mo (Z = 42) and no heavy
r-process elements are produced in our calculations.
Submitted to: J. Phys. G: Nucl. Part. Phys.
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1. Introduction
Core-collapse supernova occur at the end of the evolution of massive stars when the core
collapses to form a proto neutron star (PNS) [1, 2]. The energy gain during the collapse
corresponds to the gravitational binding energy of the PNS, ≈ 3 × 1053 ergs, and is
emitted as neutrino radiation on time scales of tens of seconds during which the central
PNS cools, deleptonizes and contracts to the final neutron star. This corresponds to an
emission of 1058 (anti)neutrinos of all flavors with typical energies of 10–15 MeV. Given
the large amount of neutrinos involved, it is expected that they will play an important
role in both the supernova dynamics and the underlying nucleosynthesis.
At present, the delayed neutrino-heating mechanism [3] represents the most
promising scenario to explain supernova explosions. In fact, recent two-dimensional
simulations [4, 5, 6] produce neutrino driven explosions on time scales of several hundreds
of milliseconds after bounce. Once the explosion sets in, the continuous emission of
neutrinos from the PNS drives a low-mass outflow known as neutrino-driven wind [7]
that is currently considered a favored site for the productions of elements heavier than
iron (e.g. [8]). As neutrinos travel through the stellar mantle, they can suffer flavor
oscillations [9, 10], contribute to the nucleosynthesis of several rare isotopes [11, 12] and
even drive an r process in the He-shell of metal-poor stars [13] before they are finally
detected on Earth.
This paper addresses several issues related to the role of neutrinos on the
nucleosynthesis of heavy elements in core-collapse supernova explosions. After discussing
recent constraints from metal-poor stars observations on the production of heavy
elements by the r-process (section 2), we describe different nuclear physics aspects that
are relevant to determine the luminosities and spectra of neutrinos emitted during the
PNS deleptonization which proceeds via weak processes. For those involving nucleons
(section 3), corrections due to the nuclear interaction are relevant due to the relatively
high density in the decoupling region. They are particularly important for charged-
current processes and are related to the symmetry energy of nuclear matter. New long
term Boltzmann transport simulations of the neutrino-driven wind are presented in
section 4 and its nucleosynthesis yield discussed.
2. Implications from metal-poor star observations
Traditionally the production of elements heavier than iron has been associated with
two neutron capture processes, the r-process and the s-process [14, 15] with a smaller
contribution due to the p-process (or γ-process) [16]. In this picture, the abundances of
heavy elements observed in our Sun are the superposition of different events producing
s-process elements (intermediate-mass AGB stars and massive stars) [17, 18, 19] and
r-process elements in a so far not yet identified site(s) [20]. The so-called solar
system r-process abundance is obtained by sustracting from the solar system isotopic
abundances [21, 22, 23] the solar s-process pattern determined from a combination of
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experimentally determined (n, γ) cross sections and AGB stellar models [24, 25].
Due to the long evolutionary time scales of intermediate mass stars before reaching
the AGB phase (up to a billion years), it is expected that stars that are sufficiently
old will have been enriched by the r-process but not by the s-process. (Provided that
the r-process operates in a site with a much shorter evolutionary time scale than the s-
process sites). Astronomers use the metallicity, normally associated with the abundance
of Iron in the star, as a proxy for the age. Metal-poor stars, [Fe/H] . −1.5‡, present
abundances of heavy elements that do not correspond with the solar system s-process
abundances [26, 27]. These stars, also called r-II stars [28], present robust abundance
patterns that match almost perfectly the solar system r-process abundance pattern for
elements with Z > 50 [26, 27, 29]. Some other stars [30, 31] are depleted in elements
heavier than Z = 50 but enriched in lighter elements with A ∼ 90 like Sr, Y and Zr.
As these elements are abundantly produced in alpha-rich freeze-outs from neutrino-
driven winds [32, 33] (see also section 4) by charged-particle reactions (CPR) they are
sometimes denoted CPR elements [34]. This reference suggested a simple “LEGO-
block” model to explain these observations. In this model the production of CPR (also
known as light r-process) elements with Z . 50 and heavy r-process elements with
Z > 50 is due to two different sources: 1) an H-source produces the heavy r-process
elements together with CPR elements and no Iron with an abundance pattern as given
by r-II stars; 2) an L-source produces light r-process elements or CRP elements with
an abundance pattern given by the observations of HD 122563 [30, 31] together with
Iron. In this model the H-source is the site where the “main” r-process operates while
the L-source produces light r-process elements in what sometimes is denoted as “weak”
r-process. Similar results were obtained in the Galactic chemical evolution study of
ref. [35] that suggested the existence of a “lighter element primary process” (LEPP) to
explain the abundances of Sr, Y and Zr at low metallicities. Here “process” has to be
interpreted as a different astrophysical site to the one in which the “main” r-process
operates (in this case the LEPP is analogous to the L-source of ref. [34]).
The above model explains the large scatter in the abundance of Eu observed at
low metalicities [40, 27] (see upper left panel of figure 1). At early times the Galaxy
is chemically unmixed and Eu is mainly produced in rare events with little or no iron
production [41]. This model predicts that there may be stars that are only enriched in
light r-process elements but so far all metal-poor stars observed contain both light and
heavy r-process elements [42]. It may indicate that the relative low abundances of heavy
r-process elements observed in stars that show an abundance pattern like HD 122563 are
in fact produced together with light r-process elements but with much lower efficiency.
If the L-source site is neutrino-driven winds from core-collapse supernova as suggested
by ref. [34] it implies that neutrino-driven winds should produce also elements with
Z > 50. In principle, there could be a large variability in the production of light r-
process elements from event to event, however the work of ref. [43] suggest that their
‡ Astronomers use the [A/B] notation to describe the relative abundances of two elements in a star
compared to that in the Sun: [A/B] = log10(NA/NB)∗ − log10(NA/NB)⊙
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Figure 1. Abundance ratio of metal-poor stars [36, 37, 38, 39] as a function of
metallicity, [Fe/H]. The upper left panel includes all metal-poor stars in the sample
while all other panels include only stars whose abundance pattern can be related to
an L-source event. They are enriched in light r-process elements and poor in heavy
r-process elements.
production is robust and always results in an abundance pattern similar to the one
observed in HD 122563.
If Eu (Z = 63) is in fact produced together with Fe in L-source events a plot showing
stars that have been enriched by these events should show a correlation, i.e. [Eu/Fe]
should be constant as a function of metallicity. A star whose abundance pattern is due
to an H-source event has a ratio Eu/Sr that is much larger than the one found in the
solar system. Typical values are [Eu/Sr] ∼ 1. Hence, we characterize stars polluted by
an L-source event, i.e. enriched in light r-process elements, as those with [Eu/Sr] < 0.
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A lower value could also be used but in this case the number of stars in the sample
is largely reduced. This condition includes also stars that have been enriched mainly
by the s-process but they should not be present at low metallicities. Figure 1 shows
the [Eu/Fe], [Sr/Fe], [Y/Fe], [Zr/Fe], and [Ag/Fe] for a sample of metal-poor stars from
recent compilations [36, 37, 38, 39]. Only stars with [Eu/Sr] < 0 are shown. It is
intriguing to see that a correlation in [Eu/Fe] versus metallicity emerges that is absent
once the whole sample of metal-poor stars is considered. This may suggest that Eu is
co-produced together with Fe in the events that produce light r-process elements. A
correlation is also found in Sr, Y and Zr that is expected if these elements are produced
in neutrino-driven winds [34]. The scatter is also greatly reduced when compared to
a sample without any selection criteria (see figures in refs. [35, 39]). The situation is
unclear for Ag as only two stars have survived our criteria. A larger sample of metal-
poor stars is required to check this hypothesis. Ref. [39] has found an anticorrelation
between Ag and Pd and Sr, Y and Zr suggesting that both element groups are produced
in different sites.
In the above discussion, we have explicitly avoided to mention possible sites for
r-process nucleosynthesis. Several sites have been suggested for both the H-source and
L-source events. It is likely that the production of both light and heavy r-process
elements is dominated by different sites as a function of metallicity. Neutron star
mergers are a likely site for H-source events. Recent simulations [44, 45] show that
the material ejected dynamically during the merger is an ideal site for a robust r-
process that produces nuclei with A & 120 (Z & 50) in agreement with the solar
r-process abundance distribution [44, 45]. In this scenario, the production of nuclei
with A ∼ 120 is due to the fission of nuclei in the region of A ∼ 280 and sensitive to
the particular fission rates and yields used [46, 47]. Fission cycling is also responsible
for producing a robust r-process pattern. An important aspect of r-process in neutron
star mergers is that the amount of r-process material ejected is large enough (10−3 M⊙
to 10−2 M⊙) to produce an optical/near-infrared transient powered by the radioactive
decay of r-process nuclei [48, 49, 45]. The transient luminosity is expected to reach
a maximum of ∼ 1042 erg s−1, i.e. kilonova luminosities, in timescales of hours to
days [48, 49, 45]. The observation of a near-infrared transient associated with the
short γ-ray burst GRB130603B has been related to a kilonova type event powered by
the decay of r-process nuclei [50, 51] (however see the caveats mentioned in ref. [52]).
If confirmed, this will be the first direct observation of an r-process nucleosynthesis
event and will demonstrate that neutron-star mergers are an r-process site. Neutron-
star mergers are also expected to eject material from outflows from the accretion disk
formed around the black hole remnant. This material will be ejected either by neutrino-
driven winds [53, 52] or by viscous heating and recombination of nucleons into alpha
particles [54]. These ejecta are expected to produce light r-process elements making
neutron-star mergers a possible candidate to account for observations of r-II metal-poor
stars. However, due to the long evolutionary timescales involved, neutron-star mergers
have problems to explain for the r-process at low metallicities [55, 56]. Several sites
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have been suggested that are expected to operate mainly at low metalicities: Jets from
magnetorotational supernova [57] and a neutrino-induced r-process in the He shell of
core-collapse supernova [13]. These sites produce mainly nuclei with A & 130 but an
additional contribution producing light r-process elements from neutrino-driven winds
from the protoneutron star or black-hole accretion disk is expected.
Neutrino-driven winds from protoneutron stars have been suggested as the site for
L-source events [34], i.e. light r-process elements. This aspect is analyzed in section 4
based on Boltzmann neutrino transport simulations.
3. Charged-current neutrino interactions in core-collapse supernovae
Neutrino-driven winds from protoneutron stars have been considered for a long time like
a possible site for the nucleosynthesis of heavy elements (see ref. [8] for a recent review).
It is expected that independently of the explosion mechanism a protoneutron star (PNS)
will form after a core-collapse supernova explosion. The PNS deleptonizes by continuous
emission of neutrinos of all flavors in a period of several tens of seconds. Neutrino
absorption processes at the PNS surface deposit heat which drives a matter outflow
known as the neutrino-driven wind [7]. Initial studies showed that neutrino-driven winds
could be the site for the r-process [58, 59]. These pioneering works where followed
by analytic [60], parametric [61] and steady state wind models [62, 63] that showed
that neutrino-driven winds produce both light and heavy r-process elements provided
that the outflow has short dynamical time scales (a few milliseconds), high entropies
(above 150 k/nucleon) and low electron fractions (Ye < 0.5). Recent hydrodynamical
simulations [64, 65] show that the short dynamical timescales can in fact be achieved
but fail however to obtain the necessary entropies at times relevant for r-process
nucleosynthesis [66]. These works rule out the posibility that neutrino-driven winds
are responsible for the production of heavy r-process elements with Z & 50. In the
following, we analyze the possibility that light r-process elements (Z & 50) may be
produced in neutrino winds.
The nucleosynthesis outcome of neutrino-driven winds is very sensitive to the
electron fraction, Ye, of the ejected matter [67, 68] that is determined by the competition
between electron neutrino absorption in neutrons and antineutrino absorption in
neutrons and their inverse reactions. These rates are rather sensitive to the luminosity
and spectral differences between electron neutrinos and antineutrinos. The work of
ref. [68] has shown that light r-process elements can be produced both in proton-rich
and neutron-rich ejecta. However, the assumed Ye evolutions need to be reevaluated on
the light of recent works [69, 70, 71]. This aspect has recently been revisited in ref. [72].
Deep in the interior of the protoneutron star neutrinos are in thermal and chemical
equilibrium with matter. However, as we move to the surface and the temperature and
density drop neutrinos decouple with matter. As µ and τ neutrinos interact only via
neutral current they are the first to decouple. For the very neutron rich conditions found
at the PNS surface, electron antineutrinos decouple before electron neutrinos. As the
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neutrino spectrum reflects the local properties of matter at the position in which they
decouple, one expects the following hierarchy of neutrino energies: ενµ,τ > εν¯e > ενe [73],
with ε = 〈E2〉/〈E〉. The fact that electron antineutrinos have larger average energies
than electron neutrinos suggest neutron rich ejecta. However, one has also to consider
the other energy scale in the problem, i.e. the neutron to proton mass difference. It turns
out that neutron-rich ejecta are only obtained when εν¯e− ενe > 4(mn−mp) [60, 74, 75].
As the treatment of neutrino transport and neutrino matter interactions improved over
the years the energy difference between electron antineutrinos and neutrinos decreased
and different simulations [76, 77, 78] obtained proton-rich ejecta during the early times
of the explosion. Supernova simulations based on three-flavor Boltzmann neutrino
transport have been extended to time scales of several tens of seconds [79, 80], covering
the whole deleptonization of the PNS. They have predicted a continuous decrease of
the energy difference between neutrinos and antineutrinos of all flavors that became
practically indistinguishable after ≈ 10 s.
With the development of three-flavor Boltzmann neutrino transport codes it
has been possible to relate the spectra of the emitted neutrinos and the underlying
nucleosynthesis to high density neutrino matter interactions and basic properties of
the nuclear equation of state. Recently, it has been shown that the energy difference
between electron neutrinos and antineutrinos, and consequently the Ye of the ejecta,
is very sensitive to the treatment of charged-current reactions νe + n → p + e
− and
ν¯e + p→ n + e
+ in neutron rich matter at densities ρ ≈ 1012–1014 g cm−3 [69, 70, 71].
Figure 2 shows the opacities or inverse mean free paths for the main processes
determining the interaction of (anti)neutrinos with matter. The figure shows also
the position of the energy and transport neutrinospheres for the different neutrino
flavors (see ref. [81] for a description of the different processes and the determination
of the neutrinospheres). One clearly sees the hierarchy mentioned above with νµ,τ
(anti)neutrinos decoupling at the highest densities, ν¯e at intermediate densities and
νe at the lowest densities. For the conditions considered in the figure (around 1 s
postbounce) the neutrinospheres are located in the density range 1012–1013 g cm−3, i.e.
10−3–10−2 ρ0 with ρ0 the nuclear saturation density. Only for times around 10 s or later
do the neutrinospheres move at densities around the saturation density.
Neutrinos are in thermal equilibrium with matter for densities larger than the
location of the energy sphere, at lower densities neutrinos have decoupled from matter
but still suffer several scattering events with nucleons till they reach the transport
neutrinosphere [82]. The region between the energy and transport spheres constitutes
a scattering atmosphere where due to the slightly inelastic nature of neutrino-nucleon
scattering the spectra of neutrinos is modified [82]. This aspect is important for the
determination of the ν¯e and νµ,τ spectra (see figure 2).
The thermal equilibrium of neutrinos with matter is maintained by processes in
which the neutrino exchanges energy. As can be seen from 2, the most important
processes are charged-current νe + n → p + e
− and ν¯e + p → n + e
+. For the process
νe + n → p + e
−, the opacity or inverse mean free path of a neutrino of energy Eν is
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Figure 2. Inverse mean free paths for the main reactions contributing to
the determination of the spectra of neutrinos emitted from a protoneutron star:
isoenergetic neutrino-nucleon scattering (IS, νN), charged-current reactions (νen, ν¯ep),
N–N–Bremsstrahlung (νν¯NN), e−e+ annihilation, and neutrino electron/positron
scattering (νe±). The different panels show the inverse mean free path for νe (left),
ν¯e (middle) and νµ,τ (right) based on radial profiles at 1 second post bounce for the
18.0 M⊙ progenitor simulations of ref [80]. The vertical black solid and dash-dotted
lines mark the position of the energy and transport neutrinospheres. Figure adapted
from ref. [81].
given by [83, 71]:
χ(Eν) =
G2FV
2
ud
(~c)7
(g2V + 3g
2
A)
∫
d3pe
(2pi)3
[1− fe(Ee)]S(q0, q) (1)
where f is the Fermi-Dirac distribution function and S(q0, q) is the response function of
the nuclear medium that is assumed identical for Fermi and Gamow-Teller operators.
The energy transfer to the medium is q0 = Eν−Ee and the magnitude of the momentum
transfer is q = |pν − pe|. Equations of State commonly used in core-collapse supernova
simulations (see, e.g., refs [84, 85]) treat neutrons and protons as a gas of non-interacting
quasiparticles that move in a mean-field single-particle potential, U . In relativistic mean-
field models the energy-momentum dispersion relation becomes:
Ei(p) =
√
p2 +m∗2i + Ui, (2)
where m∗i is the nucleon effective mass. For the neutron-rich conditions around the
neutrinospheres the mean-field potential for neutrons and protons can be very different
with their relative difference ∆U = Un − Up directly related to the nuclear symmetry
energy [83, 86]. Ref. [83] provides analytic expressions for the response function valid
both in the relativistic and non-relatistic limits that can be used for the calculation of
the opacity. A simplified expression can be obtained assuming that zero momentum
transfer, q ≈ 0, reflecting the fact that nucleons are more massive than leptons. In this
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case, the energy transfer becomes q0 = −(m
∗
n − m
∗
p) − ∆U = −∆m
∗ − ∆U and the
opacity is given by (elastic approximation) [83, 87]:
χ(Eν) =
G2FV
2
ud
pi(~c)4
(g2V + 3g
2
A)peEe[1− fe(Ee)]
nn − np
1− e(ϕp−ϕn)/T
, (3)
with ϕi = µi−m
∗
i−Ui, µi the chemical potential of the nucleon and Ee = Eν+∆m
∗+∆U .
If we consider neutrinos with energies smaller than E0ν = µe − ∆m
∗ −∆U , that varies
between 10 and 30 MeV when the density varies in the range 1012–1013 g cm−3, the
opacity behaves as:
χ(Eν) ∝ (Eν +∆m
∗ +∆U)2 exp
(
Eν +∆m
∗ +∆U − µe
T
)
. (4)
The opacity increases by an exponential factor due to the inclusion of mean-field
modifications, ∆U , to the vacuum Q-value, ∆m∗. Due to the strong sensitivity of the
opacity to the neutrino energy, the density at which neutrinos decouple increases with
decreasing neutrino energy. However, ∆U increases with density implying that the
smaller is the energy of the neutrino emitted from the protoneutron star the larger the
opacity correction due to the inclusion of mean-field effects (see figure 6 of ref. [71]) . As
the opacity for neutrinos mainly determines the deleptonization rate, i.e. the neutrino
luminosity of the protoneutron star, we expect that the larger the ∆U correction, i.e.
the larger the symmetry energy, the smaller the neutrino luminosity. This is in fact
confirmed by Boltzmann transport simulations [69, 88].
For ν¯e there is no final state blocking for the produced positron and consequently
the main effect of mean-field corrections is to change the energy threshold for neutrino
absorption. Using a similar analysis than the above it can be shown that the opacity
for antineutrinos behaves like:
χ(Eν¯e) ∝ (Eν¯e −∆m
∗ −∆U)2. (5)
The discussion above shows that mean-field effects increase the opacity for neutrino
absorption while reducing the opacity for antineutrino absorption. When compared with
simulations that do not include mean-field effects the increase of opacity for neutrinos
will keep them in thermal equilibrium with matter up to larger radii. They decouple
in regions of lower temperature and consequently their average energy is smaller. The
average energy of antineutrinos is expected to increase as they decouple at slightly
deeper (hotter) regions of the neutron star. However, due to the reduced dominance
of charged-current reactions (see figure 2) the change in average energy is expected to
be smaller for ν¯e. This has been confirmed by recent long term simulations of PNS
cooling [69, 70, 71] that treat charged-current opacities consistently with the EoS at the
mean-field level. They have shown that the inclusion of mean-field effects increases the
energy difference between ν¯e and νe with respect to the values obtained without mean-
field effects. For the nucleosynthesis point view, the main consequence is that ejecta that
were proton-rich during the whole deleptonization period of the protoneutron star now
become neutron-rich during the first seconds and later turn proton-rich as the energy
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difference between ν¯e and νe decreases. The neutron-richness of the ejecta depends on
the symmetry energy of the underlying EoS. Hence, it becomes important to use an EoS
that reproduce recent constraints on the symmetry energy.
Notice that the symmetry energy does not only affect the evolution during the
deleptonization phase but determines the whole structure of the protoneutron star
after the onset of the explosion. Electron captures on nuclei determine the amount
of deleptonization occurring during the collapse [89]. At the onset of neutrino trapping,
at densities around 1012 g cm−3, Ye reaches a value Y
trap
e ≈ 0.3 [90]. At this
moment electron (anti)neutrinos thermalize and the system reaches weak equilibrium,
µνe + µn = µe + µp. Once the core reaches nuclear matter densities and a transition to
uniform nuclear matter occurs the relative ratio of neutrons and protons (and electrons
and neutrinos) is fully determined by the symmetry energy under the constrain of
constant lepton number, Ylep = Ye + Yνe = Y
trap
e . This can be seen from the following
relation [86]:
µe − µνe = µn − µp = 4(1− 2Ye)S(ρ), (6)
with S(ρ) the nuclear symmetry energy. As protons and neutrinos have rather low
abundances, their exact value is rather sensitive to changes of the symmetry energy. This
implies that in order to determine the impact of a particular EoS on the nucleosynthesis
outcome of neutrino-driven winds it is important to cover all relevant supernova phases
including core-collapse, bounce, post-bounce accretion, explosion and cooling. In
particular, the high Ye values obtained at early times (. 1 s) in the protoneutron star
evolution simulations of ref. [70] could be an artifact of the particular progenitor used.
This caveat was noted in ref. [70] but was not accounted for in the nucleosynthesis
study of ref. [72]. Due to their large mass loss rate [72], the early cooling phase is
particularly important for determining the mass-integrated nucleosynthesis of neutrino-
driven winds. To accurately resolve the transition between accretion and cooling phases
requires multidimensional simulations [91].
The equation of state for neutron-matter has been recently computed using all
many-body forces among neutrons predicted by chiral effective field theory (EFT) up
to next-to-next-to-next-to-leading order (N3LO) [92, 93]. The predicted energy per
nucleon for neutron-matter is shown in the left panel of figure 3. When compared with
equations of state used in core-collapse simulations (see figure 9 of ref. [93]) one finds
that the two most commonly used, the non-relativistic Skyrme-like of Lattimer and
Swesty [84] and the relativistic mean-field (RMF) based on the TM1 functional [85], are
not consistent with chiral EFT constraints particularly at subsaturation densities. An
EoS that reproduces these constraints is the RMF based on the density-dependent DD2
functional [95] (see figure 3). In addition, the DD2 based EoS reproduces constraints on
the symmetry energy at saturation density from chiral EFT [93] and a global analysis
combining nuclear experimental information and astronomical observations of neutron
stars [94]. The symmetry energy predicted by the DD2 EoS is shown in the right panel of
fig. 3 for the whole range of densities relevant for neutrino-wind simulations. Notice that
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Figure 3. (left panel) Energy per nucleon for neutron matter computed by chiral
EFT interactions computed up to N3LO order [92, 93]. The magenta band includes
uncertainty estimates due to the many-body calculation, low-energy constants and the
regularization cutoffs in the 3N and 4N forces (see ref. [93] for additional details).
The black line shows the energy per nucleon predicted by RMF calculations using
the density dependent DD2 functional. (right panel) Symmetry energy, defined as
the difference between the energy per nucleon for neutron and symmetric matter,
determined by the RMF DD2 calculations compared with recent constrains from
chiral EFT [93] (magenta box) and nuclear physics experiments and astronomical
observations [94] (blue box).
clustering effects that are expected to be important at subsaturation densities [96] are
not included in the calculation of the symmetry energy. The DD2 EoS also reproduces
constraints on the maximum mass of neutron stars and comes close (within 1 km) to
the recent estimates of the observational radius [97].
4. Nucleosynthesis in neutrino-driven winds
We have performed core-collapse supernova simulations based on spherically symmetric
radiation hydrodynamics with three-flavor Boltzmann neutrino transport using the
AGILE-Boltztran code. In the high density regime, we use the DD2 EoS table provided
by M. Hempel§. The equation of state is based on the extended nuclear statistical model
of ref. [98] and includes a detailed nuclear composition allowing for the presence of light
nuclear clusters at subsaturation densities. Importantly, the EoS provides the mean-
field corrections necessary for the calculation of charged-current neutrino reactions.
Additional details will be provided in a forthcoming publication. The simulations are
based on the 11.2 M⊙ progenitor of ref. [99]. Because spherically symmetric simulations
do not result in explosions for this iron-core progenitor, we enhance the neutrino heating
rates in the gain region following the scheme of ref. [80]. The simulations are evolved
from core collapse, through the explosion up to 9 seconds after bounce. Figure 4 shows
the evolution of the luminosities and average energies for all neutrino flavors (left panels).
§ http://phys-merger.physik.unibas.ch/~hempel/eos.html
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Figure 4. The left panels show the evolution of neutrino luminosities (upper) and
average neutrino energies (lower) for the different neutrino flavors. The right panels
show the asymptotic values of entropy (lower) and Ye (upper) reached in the ejecta.
The right panels show the evolution of the values of Ye and entropy asymptotically
reached by the ejecta. One sees that the early ejecta is neutron rich with Ye ∼ 0.48.
This value is larger than the one previously found in ref. [69] using the TM1 EoS [85].
The Ye values have been determined using a full nuclear network that includes neutrino
interactions both on nucleons and nuclei and accounts for the so-called α-effect [100].
The mass-integrated nucleosynthesis is shown in figure 5. The upper panel shows
the mass-integrated isotopic abundances normalized to the solar abundances. The lower
panel shows the mass-integrated elemental abundances compared with the observations
of the metal-poor star enriched in light r-process elements HD 122563 [30]. The stellar
observations have been arbitrarily normalized to Zn (Z = 30). Our calculations
reproduce the observed abundance of Zr (Z = 40) and other nuclei around A = 90
within a factor 4. The production of these N = 50 closed neutron shell nuclei is rather
sensitive to Ye. They will be overproduced if Ye . 0.47 [101]. Our results indicate that
neutrino-driven winds are the site for the production of elements like Sr, Y and Zr. This
is in agreement with the correlation observed in figure 1 as core-collapse supernova are
the main contributors for Fe at low metallicities [102]. In our calculations, the elements
Sr, Y, Zr, Nb, and Mo are produced mainly in the early neutron-rich ejecta by charged-
particle reactions together with some neutron captures. Due to the sudden drop of
alpha and neutron separation energies around N = 50 the production of nuclei with
N > 50 decreases dramatically (see upper panel figure 5). Nuclei with Z > 42 (A > 92)
are mainly produced in the late proton-rich ejecta by the νp-process [103, 104, 105].
However their production is very inefficient due to the low antineutrino luminosities at
late times. The production of elements with A > 64 by the νp-process is very sensitive
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Figure 5. Mass-intergrated neutrino wind abundances. The upper panel shows the
ratio between the abundance of a nucleus normalized to the solar abundance. The
lower panel shows the elemental abundances (red) compared with the observations of
HD 122563 [30] (black).
to the rate of antineutrino absorption on protons [106] that is directly proportional to
the luminosity. Our value is around an order of magnitude smaller than those used
in refs. [68, 72] but consistent with recent Boltzmann transport simulations [79, 70].
In addition, the amount of material ejected at later times is very small to contribute
significantly to the mass-integrated abundances.
If our results represent an standard situation for neutrino-driven winds, the obvious
question then is: where are the elements with Z > 42 (including Ag and Pd) produced?
A recent study [39] has shown that the evolution with metallicity of Ag and Pd is
uncorrelated with both N = 50 elements (Sr, Y and Zr) and heavy r-process elements
(Eu and Ba). Despite of being consistent with our results, it represents a challenge for
nucleosynthesis models as it is very difficult to find astrophysical conditions where Ag
and Pd are produced without synthesizing neither N = 50 elements nor heavy r-process
elements. This also applies to electron-capture supernova that have been suggested as
a possible site for the production of elements between Ge and Zr [107]. Another open
problem that cannot be explained by our simulations is the correlation between Eu and
Fe observed in figure 1.
Due to the relatively large values of Ye achieved in our nucleosynthesis calculations,
only the neutron-deficient isotopes of elements between Ge and Mo are produced. This
can be tested by observations of isotopic abundances in metal-poor stars. At the same
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time it requires that the neutron-rich isotopes, that normally cannot be produced by the
s-process [27], are produced in some other astrophysical site. Due to the more neutron-
rich conditions achieved in electron-capture supernova [107] it is expected that their
distribution will be richer in neutron-rich isotopes. An alternative site (but probably
more speculative) is core-collapse supernova explosions due to a quark-hadron phase
transition [108]. It is interesting to notice that 92Mo, a nucleus that is difficult to
produce by the p-process [16], is abundantly produced in our calculations.
5. Summary
We have analyzed recent evidence of metal-poor stars that show the existence of two
distinctive sources for the production of r-process nuclei with different frequencies along
Galactic history [34]. There is strong evidence that core-collapse supernova could be
the site for the production of light r-process elements including Sr, Y and Zr (sometimes
also denoted as LEPP elements) [68]. They will account for the abundances of elements
observed in metal-poor stars that are enriched in light r-process elements but depleted in
heavy r-process elements. HD 122563 [30, 31] constitutes the classical example. Looking
at the evolution with metallicity of several light r-process elements and Eu, that is taken
as a representative of heavy r-process elements, in HD 122563 type stars we find a strong
correlation. It indicates that in fact the abundances of Sr, Y and Zr seen in these stars
are due to core-collapse supernova that is the major producer of iron at low metallicity.
The situation for Ag is unclear as only two of the stars that survive our selection criteria
have observed abundances of Ag. A recent study has in fact shown that the abundance
of Ag is anticorrelated with Sr, Y and Zr [39]. Surprisingly, we also find that the Eu
abundance observed on HD 122563 type stars is correlated with Fe. It will be interesting
to see if this correlation extends to other elements like Ba.
We have presented first long-term Boltzmann transport neutrino-wind simulations
based on a core-collapse supernova equation of state that reproduces recent constrains
on the nuclear symmetry energy at saturation densities [94, 93] and on the energy
per nucleon of neutron matter [93]. Our simulations consistently include mean-field
corrections for neutrons and protons [83, 69, 71] for the (anti)neutrino opacities at high
density. These corrections increase sustantially the opacity for νe. The increase being
largest the larger the mean-field energy difference between neutrons and protons, i.e.
the larger the symmetry energy of the EoS. A larger symmetry energy implies a larger
difference between the average energies of the emitted ν¯e and νe [69, 71, 109] and a
smaller neutrino luminosity [88, 69]. Both aspects are important for determining the
nucleosynthesis in neutrino-driven winds.
Our simulations predict that the early neutrino-driven wind ejecta is neutron-rich
with Ye ≈ 0.48. At times around 4 s the ejecta become proton-rich reaching Ye = 0.586
at 9 s when our simulation stops. We have analyzed the nucleosynthesis outcome of the
simulations. Our results show that neutrino-driven winds do not produce heavy r-process
elements. They contribute to the production of elements between Zn and Mo, including
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92Mo that is largely underproduced by the p-process in massive stars [16]. The elemental
abundances are consistent with the observations of the metal-poor star HD 12263. For
elements between Ge and Mo, we produce mainly the neutron-deficient isotopes. This
prediction could be confirmed by observations of isotopic abundances in metal-poor
stars. No elements heavier than Mo (Z = 42) are produced in our calculations. In
neutron-rich ejecta, their production is suppressed due to the N = 50 shell closure.
In the late proton-rich ejecta, the νp-process, that in principle can contribute to their
production, is very inefficient due to the low antineutrino luminosities.
Even if our nucleosynthesis study is based on parameter free Boltzmann transport
simulations, there are still some sources of uncertainty on the determination of the
(anti)neutrino opacities. One is the treatment of neutrino interactions with light
nuclear clusters, in particular 2H, 3H. They are expected to be present in the region
of neutrino decoupling [110] and in fact the equation of state we use predicts them
with large abundances (see figure 10 of ref. [97]). The presence of light nuclear clusters
affects the (anti)neutrino opacities in different ways. First, it modifies the mean-field
corrections for the unbound nucleons [109]. This effect is included in our simulations.
Secondly, it becomes necessary to consider both charged and neutral current interactions
with the light clusters. The relevant cross sections have been computed for the
deuteron [111, 112, 113] and triton [110] in vacuum. However, their presence in the
nuclear medium will induce changes in the energy thresholds for the reactions due to
different in medium modifications for the for the initial and final states. Furthermore,
the wave functions [114] for the cluster will be modified with respect to the vacuum case
affecting the response to (anti)neutrinos.
An accurate determination of the (anti)neutrino spectra and luminosities and their
evolution with time is also necessary for neutrino flavor oscillations in supernova [10, 9]
and neutrino detection on Earth. From the point of view of nucleosynthesis in neutrino-
driven winds collective neutrino oscillations [10] are most relevant. It remains to evaluate
the impact that they may have on the nucleosynthesis. Another important effect is the
possibility of oscillations of active to sterile neutrinos, suggested to explain the reactor
anomaly [115]. Oscillations to the sterile flavor can affect both the dynamics during the
supernova explosion [116, 117] and the neutrino-driven wind nucleosynthesis [118, 117].
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